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Abstract

The objectives of this study were to assess site-specific carcinogenic risk of incinerator-emitted dioxins in a manner

reflecting pollutant transfer across multimedia and multi-pathways. The study used site-specific environmental and

exposure information and combined the Monte Carlo method with multimedia modeling to produce probability dis-

tributions of risk estimates. The risk estimates were further categorized by contaminated environmental media and

exposure pathways that are experienced by human receptors in order to pinpoint significant sources of risk. Rank

correlation coefficients were also calculated along with the Monte Carlo sampling to identify key factors that influenced

estimation of risk. The results showed that ingestion accounted for more than 90% of the total risk and that risk control

on ingestion of eggs, aboveground vegetables, and poultry should receive priority. It was also found that variation of

parameters with variability accounted for around 35% of the total risk variance, while uncertainty contributed to the

remaining 65%. Intake rates of aboveground vegetables, eggs, and poultry were the key parameters with the largest

contribution to variance. In addition, sufficient sampling and analysis of dioxin contents in eggs, aboveground vege-

tables, poultry, soil, and fruit should be performed to improve risk estimation because the variation in concentrations in

these media accounted for the largest overall risk variance. Finally, focus should be placed on reduction of uncertainty

associated with the risk estimation through ingestion of aboveground vegetables, eggs, poultry, fruit, and soil because

the risk estimates associated with these exposure pathways had the largest variance.

� 2002 Published by Elsevier Science Ltd.
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1. Introduction

The health risk associated with incineration of mu-

nicipal wastes needs to be evaluated in order to protect

public health, especially in regions with a high density of

incinerators. In Taiwan, it is estimated that the total

annual capacity of municipal waste incinerators will be

greater than 10 million metric tons by year 2004, ac-

commodating around 94% of total municipal wastes.

However, incineration releases toxic substances, includ-

ing products of incomplete combustion and metals

(Siebert and Alston, 1991; Dempsey and Oppelt, 1993).

Of the pollutants emitted, polychlorinated dibenzo-

p-dioxins (PCDDs) and polychlorinated dibenzofurans

(PCDFs) raise the most concern due to associated health

effects such as immune, nervous, endocrine, reproduc-

tive, and carcinogenic potential (WHO, 1999). In fact,

waste incineration has been recognized to be the pre-

dominant source of dioxin release, accounting for 60%

to more than 90% of total release in various countries

(Alcock et al., 1999; Gotoh and Nakamura, 1999;

Lauretis, 1999).
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Recently, site-specific risk assessment is increasingly

being used as a tool for quantifying health consequences

resulting from contact with risk agents (e.g., chemical

contaminants) and as a basis for developing risk man-

agement measures (NRC, 1994; Crawford-Brown, 1999;

USEPA, 1999). On one hand, site-specific risk assess-

ment produces more accurate estimation than tradi-

tional generic risk assessment because it considers

realistic source characteristics, land use patterns, envi-

ronmental conditions, and residents’ lifestyles to estab-

lish site-specific exposure. On the other hand, the

increased complexity boosts demand for information.

The accuracy of risk estimation is limited by the avail-

ability and correctness of information, so it is essential

to identify key parameters among the large information

requirements. Among the various environmental media

(i.e., air, soil, water body) and exposure media (the

media that human receptors contact directly, such as

drinking water and foods) that need to be modeled in

order to produce risk estimates, it is also crucial to

identify their relative importance in assessing risk so that

sampling and analysis can then be performed more ef-

ficiently by focusing on important media. In addition,

the significant sources of risk in terms of combination of

exposure pathways and environmental media need to be

identified to facilitate development of risk management

measures. Pollutants move from incinerator emissions to

environmental media and then to exposure media, so

efficient risk management measures can be searched for

along the chain of movement when important pathways

that connect environmental media with exposure media

are identified. In the past, the previous issues associated

with waste incineration were rarely addressed (Levin

et al., 1991; Valberg et al., 1996).

This research used site-specific environmental and

exposure information to conduct stochastic multimedia

risk assessment for dioxin emissions from a municipal

waste incinerator. The purpose was threefold: first, to

identify key parameters that had a major influence on

risk estimation; second, to identify important environ-

mental media and exposure media that significantly

affected estimation of risk; lastly, to identify environ-

mental media and exposure pathways that served as the

primary sources of risk.

2. Methodology

2.1. Incinerator and emission characterization

Shulin incinerator, which is located in northern Tai-

wan, was chosen as the studied case because it is the

biggest municipal waste incinerator that has operated

for more than 2 years and had the most complete dioxin

emission data. The average emission rates of the 17 di-

oxin congeners in addition to the basic incinerator

characteristics are shown in Table 1. The average emis-

sion rate in terms of g-TEQs�1 was 1.36E)7 with a

concentration of 5.743 ng-TEQNm�3. The incinerator

began operation in year 1995 with a capacity of 1350

tons d�1. A cyclone, a dry scrubber with injection of

activated carbon, and a bag filter were used to control

air emissions.

2.2. Multimedia risk assessment

A multimedia risk model that combined multimedia

exposure and exposure–response relationships was used

to predict health risk of human receptors. Multimedia

exposure modeling involved predicting the transport of

dioxin emissions within the air and the transfer across

environmental media and estimating the dosages human

receptors received through multiple pathways (Covello

and Merkhofer, 1993). In this study, the multimedia

exposure model was constructed by linking single-

medium models so the outputs of one model were used

as the inputs of the next. The single-medium models

were based on uniformly mixed compartments and the

Table 1

Basic characteristics and emission rates of 17 dioxin congeners

for Shulin municipal waste incinerators

Capacity (tons d�1) 1350

Stack height (m) 117

Stack diameter (m) 2.0

Exit flow (dscmmin�1) 1958

Exit temperature (�C) 147

Furnace type Reverse-acting

Air pollution control device Cycloneþ dry scrubber

with activated carbon

injectionþ bag filter

2,3,7,8,-TeCDF (g s�1) 1.86E)07
1,2,3,7,8,-PeCDF (g s�1) 9.91E)08
2,3,4,7,8,-PeCDF (g s�1) 9.94E)08
1,2,3,4,7,8-HxCDF (g s�1) 1.44E)07
1,2,3,6,7,8-HxCDF (g s�1) 8.22E)08
2,3,4,6,7,8-HxCDF (g s�1) 8.54E)08
1,2,3,7,8,9-HxCDF (g s�1) 1.28E)08
1,2,3,4,6,7,8-HpCDF (g s�1) 1.92E)07
1,2,3,4,7,8,9-HpCDF (g s�1) 3.48E)08
OCDFC (g s�1) 1.47E)07
2,3,7,8-TeCDD (g s�1) 6.60E)09
1,2,3,7,8-PeCDD (g s�1) 1.68E)08
1,2,3,4,7,8-HxCDD (g s�1) 9.76E)09
1,2,3,6,7,8-HxCDD (g s�1) 1.31E)08
1,2,3,7,8,9-HxCDD (gs�1) 1.91E)08
1,2,3,4,6,7,8-HpCDD (g s�1) 7.57E)08
OCDD (g s�1) 1.54E)07
TEQ (g s�1) 1.36E)07
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transfer between compartments followed first-order

processes (McKone, 1991), except that spatial hetero-

geneity of concentrations in the air compartment was

calculated through air dispersion modeling. The algo-

rithms for soil and water transport and food chain

transfer used in California EPA (1993), the Multimedia

Environmental Pollutant Assessment System (Strenge

and Chamberlain, 1995), and USEPA (1999) were

combined to estimate multimedia and multi-pathway

exposure to dioxins.

The procedures of performing multimedia risk as-

sessment included the following seven steps. First, the

study area (within 5 km of the incinerator) was divided

into sectors by a Cartesian grid, which consisted of 1600

sectors, each of which with dimension of 250 m� 250

m. Second, the industrial source complex short-term

model (ISCST3) was used to estimate each dioxin con-

gener’s ambient concentration and deposition in every

sector within the study area (USEPA, 1995). Dioxin’s

dispersion in vapor and particle phases was modeled

separately and the vapor–particle partition was incor-

porated to obtain average air concentrations and de-

positions in each sector. Third, ISCST-modeled air

deposition rates were used to calculate the concentra-

tions of each congener in the soil of each sector and

watersheds; the concentrations in the water bodies that

served as the sources of drinking water and fish were

then calculated based on air deposition and diffusion,

surface runoff, and erosion from the associated water-

sheds. Fourth, the estimated concentrations in the en-

vironmental media (air, soil, and water) were used with

food chain modeling to predict food concentrations as a

result of exposure to the polluted environmental media.

These included predicting concentrations of each con-

gener in aboveground produce, fruits, beef, dairy, and

pork in each sector as a result of air contamination,

predicting concentrations in root vegetables, beef, dairy,

pork, chicken, and eggs as a result of soil contamination,

and predicting concentrations in drinking water and fish

as a result of contaminated water bodies. Fifth, the grid-

divided sectors were overlaid with the smallest admin-

istrative units (SAU) by using a geographic information

system to determine each congener’s concentrations in

the environmental media and in the foods of each SAU

as a result of contamination in each environmental

medium. Sixth, the contact rates between human re-

ceptors and exposure media (air, drinking water, and

foods) were used to determine residents’ dioxin exposure

through individual exposure pathways in each SAU

around the incinerator. Twelve exposure pathways were

considered, including inhalation, and ingestion of soil,

drinking water and nine food items. The following

equation calculated the average daily intake of dioxins,

ADIjk (mg-TEQ kg�1 d�1), from environmental medium

j and exposure medium k.

ADIjk ¼
X

i

Cijk � TEFi �
IUk

BW
� EF� ED

AT

where Cijk is the concentration of congener i in exposure

medium k as a result of contaminated environmental

medium j. TEFi is the international toxicity equivalency

factor of congener i based on its relative toxicity to

2,3,7,8-TCDD. IUk is the contact rate of exposure me-

dium k. EF is the exposure frequency, ED is the expo-

sure duration, and AT is the averaging time. BW is

the body weights of receptors. Lastly, the average

daily intake was multiplied by a cancer slope factor of

1:56� 105 (mg-TEQ kg�1 d�1) to obtain the caner risk

estimate (USEPA, 1992).

2.3. Uncertainty analysis

The Monte Carlo method along with the multimedia

risk assessment described above (excluding air disper-

sion modeling) was used to combine individual proba-

bility distributions of model parameters to produce a

probability distribution of risk estimation for the resi-

dents living in the SAU with the largest air deposition

(USEPA, 1997; Ma, 2000). The ISC-modeled concen-

trations and deposition rates of all congeners in those

sectors within the SAU were used to derive probability

distributions of air concentrations and deposition rates.

In addition to the 17 congeners’ air concentrations and

deposition rates, there were 88 parameters related to

properties of environmental media, 19 parameters re-

lated to exposure characteristics, and 427 parameters

related to the 17 congeners’ physico-chemical properties.

The distributions used in California EPA (1993), Strenge

and Chamberlain (1995), and USEPA (1999) were

drawn onto complement site investigation to estimate

the probability density function (pdf) associated with

individual parameters. For each of the parameters, one

value was selected at random with respect to the asso-

ciated pdf. The individual cancer risk was then calcu-

lated with the sampled set of input values. The sampling

and calculation were repeated 2000 times to produce the

pdf of the risk estimate through individual transport and

exposure pathways.

Rank correlation coefficients between input parame-

ters and risk outputs were calculated and the correlation

coefficients for all the parameters were squared and

normalized to calculate their contribution to the total

variance (Iman and Helton, 1988; Mills et al., 1999). The

types of uncertainties (uncertainty or variability) for

each parameter were identified and the relative contri-

bution of the two types of uncertainties was calculated.

Uncertainty, which is due to lack of knowledge of the

true values, can be reduced through further research

or sampling, while variability, which is due to spatio-

temporal heterogeneity, cannot be reduced. This study
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treated chemical-specific parameters (for example, the

bioconcentration factors) and the environmental pa-

rameters (for example, density of air) within the study

area (with the exception of precipitation, wind speed,

and ambient temperature) as uncertain, while treating

the three parameters in parentheses as temporally vari-

able and the exposure parameters (for example, con-

sumption rate of beef) as variable across the study

population (i.e., inter-subject variability). In total, there

were 512 parameters with uncertainty and 22 parameters

with variability. The study also identified the relative

importance of specific environmental media and expo-

sure media as well as of exposure pathways in terms of

their influence on risk estimates by calculating the rank

correlation coefficients (and then contribution to vari-

ance) between dioxin concentrations for these media and

total risk outputs, and between risks of individual

pathways and total risk outputs among the 2000 sets of

Monte Carlo-simulated samples.

3. Results and discussion

Table 2 presents the contribution to overall variance

of cancer risk estimates for the 15 parameters that had

contribution no less than 1%. The variation of the 15

parameters accounted for around 54% of the overall risk

variance. When uncertainty was distinguished from

variability, uncertainty accounted for about 65% of the

total variance while variability accounted for the re-

maining 35%, meaning that if all the parameters could

be estimated accurately, around 65% of the variance

associated with the risk estimation would be eliminated.

Among the parameters with variability, intake rates of

aboveground vegetables, eggs, poultry, and fruit, and

body weight, in descending order of importance, had

major impact on risk estimation. The parameter with the

largest contribution, around 13%, was intake rate of

aboveground vegetables, while the above five parameters

collectively accounted for about 33% of the overall risk

variance. Among the parameters with uncertainty, 10

parameters had contribution that was no less than 1%,

including fraction of chicken diet that is soil, USLE

cover management factor, USLE length-slope factor,

and interception fraction of aboveground vegetables,

etc. The 10 parameters collectively accounted for about

21% of the overall risk variance, while the remaining 502

parameters accounted for about 44% of the overall risk

Table 2

Contribution of important parameters to the variance of the

total risk estimate

Parameter Variance

contribu-

tion (%)

All parameters with variability 35

Intake rate of aboveground vegetablesa 13

Intake rate of eggsa 10

Intake rate of poultrya 6

Intake rate of fruita 2

Body weighta 2

All parameters with uncertainty 65

Fraction of chicken diet that is soilb 4

USLE cover management factorb 3

USLE length-slope factorb 3

Interception fraction of aboveground vegetablesb 3

Wet particle deposition of 1,2,3,7,8-PeCDFb 2

Wet particle deposition of l,2,3,4,7,8-HxCDFb 2

Plant surface loss coefficientb 1

Wet deposition from vapor phase of 1,2,3,7,8-

PeCDFb

1

Soil enrichment ratiob 1

Bioconcentration factor of 1,2,3,7,8-PeCDFb 1

a Parameters with variability.
b Parameters with uncertainty.

Table 3

Contribution of variation in concentrations of 12 environmental and exposure media to overall risk variance

Media

concentration

Eggs Aboveground

vegetables

Poultry Soil Fruit Dairy Beef Air Surface

water

Root

vegetables

Pork Fish

Contribution to

variance (%)

44 19 18 13 4 1 1 0 0 0 0 0

Table 4

Contribution of variation in risk estimates through 12 exposure pathways to overall risk variance

Exposure

pathways

Ingestion

of above-

ground

vegetables

Inges-

tion of

eggs

Inges-

tion of

poultry

Inges-

tion of

fruit

Inges-

tion of

soil

Inges-

tion of

fish

Inges-

tion of

dairy

Inhala-

tion

Inges-

tion of

beef

Inges-

tion of

drinking

water

Inges-

tion of

root veg-

etables

Inges-

tion of

pork

Contribu-

tion (%)

37 27 18 10 3 2 1 1 1 0 0 0
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variance. Information on the parameters should be

collected according to priority based on contribution to

variance of risk estimates.
Table 3 shows the contribution of variation in dioxin

concentrations of 12 environmental and exposure media

to overall risk variance. It was found that the contri-

bution of the variation in dioxin concentrations for the

12 media to the overall risk variance ranged from 0% to

44%. Variation in concentrations in eggs had the largest

contribution of 44%, while variation in concentrations in

eggs, aboveground vegetables, poultry, soil, and fruit

collectively accounted for about 98% of the total risk

variance. Table 4 lists the contribution of variation in

risk estimated through exposure pathways to overall risk

variance. The contribution of the variation in risk esti-

mated through 12 exposure pathways to the overall risk

variance ranged from 0% to 37%. Variation in the risk

estimates through exposure pathways of aboveground

vegetables, eggs, poultry, fruit, and soil ingestion ac-

counted for about 95% of the overall risk variance.

There were differences in the order of significance be-

tween variation in media concentrations (Table 3) and

variation in the exposure pathways associated with the

corresponding media (Table 4). These differences were

due to the fact that variation in risk estimates is a

combination of variation in media concentrations and

variation in exposure parameters. Summarizing the

findings of Tables 3 and 4, the study found that in order

to obtain better estimation of cancer risk, high priority

should be placed in resolving the uncertainty associated

with the risk estimation through the five exposure

pathways in addition to collecting sufficient samples on

these five media to characterize and further reduce un-

certainty associated with dioxin contents in these media.

Table 5 displays the risk values at the 50%, 75%, and

95% cumulative probability distribution levels, catego-

rized by environmental medium and exposure medium.

The total risk ranged from 5.2E)8 at the 50th percentile

to 2.2E)7 at the 95th percentile, one order of magnitude

lying between the two percentiles of the total risk dis-

tribution. The contribution of inhalation ranged from

3% of the total risk at the 95th percentile to nearly 10%

of the total risk at the 50th percentile while the contri-

bution of ingestion was greater than 90% for all of the

three percentiles. In terms of the importance of envi-

ronmental media, it was found that soil and air were the

major environmental media, whose contamination led to

around 97% of the total risk. Regarding the comparison

between exposure media, the order of significance was

found to change between different percentiles. The five

most important risk sources in terms of exposure

medium in descending order were: ingestion of above-

ground vegetables, ingestion of eggs, inhalation, inges-

tion of poultry, and ingestion of soil for the 50th

percentile; ingestion of aboveground vegetables, inges-

tion of eggs, ingestion of poultry, ingestion of fruit, and T
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inhalation for the 75th percentile; ingestion of eggs, in-

gestion of aboveground vegetables, ingestion of poultry,

ingestion of fruit, and ingestion of dairy produce for the

95th percentile. When the risk values at the 95th per-

centile are used for developing risk management mea-

sures, it is found that the cancer risk resulted primarily

from ingestion of eggs (contributing about 30% of the

total risk), ingestion of aboveground vegetables (con-

tributing around 25%), and ingestion of poultry (con-

tributing about 22%). The ingestion of the three

exposure media accounted for about 77% of the total

risk, so the priority of risk control efforts should be

placed on these exposure pathways.

4. Conclusion

The study has combined site-specific multimedia risk

assessment and the Monte Carlo method to perform a

stochastic risk assessment for dioxin emissions from a

municipal incinerator. The important sources of risk

were found to be soil and air in terms of environmental

medium, and eggs, aboveground vegetables, and poultry

in terms of exposure medium for the 95% cumulative

distribution level of the total risk distribution. The risk

control measures focused on these media should receive

priority. The study also combined the Monte Carlo

method with calculations of rank correlation coefficients

to prioritize the collection of information on parameters,

dioxin contents of environmental and exposure media,

and estimation of risk through exposure pathways. It

was found that intake rates of aboveground vegetables,

eggs, and poultry were the three most sensitive param-

eters that had the largest contribution to overall risk

variance. Regarding the relative influence of the varia-

tion in concentrations in environmental and exposure

media, the variation in concentrations in eggs, above-

ground vegetables, poultry, soil, and fruit collectively

accounted for more than 98% of the total risk variance.

Regarding the relative influence of the variation in risk

estimation through various exposure pathways, inges-

tion of aboveground vegetables, eggs, poultry, fruit, and

soil was a significant source of risk variance. This study

has demonstrated that a few parameters, environmental

and exposure media, and exposure pathways were key

factors that governed estimation of cancer risk of dioxin

emissions, and that a few exposure pathways served as

the primary contributors to risk.
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